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Abstract: Non-circular multi-core fibers (NC-MCFs) to accommodate 
more than 100 cores per fiber are proposed for super-dense space-division 
multiplexing. The proposed MCFs have the potential for easier 
splicing/connection and their applicability to highly-dense ribbon MCFs for 
ultra-high capacity optical transport systems. 
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1 Introduction 
An exponential growth of global data traffic has been propelling demands for high-
capacity optical transmission systems and networks. Optical fiber communication 
technologies have constantly made innovative inventions such as Erbium-doped 
fiber amplifiers (EDFAs) and digital coherent technology to substantially increase 
the system capacity based on single-mode fibers (SMFs) over the last three decades. 
The maximum capacity of the current SMF-based transmission systems, however, 
has been found to be up to around 100 Tbit/s per fiber due to nonlinear distortions 
of optical signals, limited bandwidths of optical amplifiers, and eventually the fiber 
fuse phenomenon [1-3].  
To overcome this looming capacity crunch, a new multiplexing technology, 
space-division multiplexing (SDM) has been explored over the last ten years [4]. 
In SDM, the signal power is distributed over multiple spatial channels in the form 
of multiple modes and/or cores, thus lowering the power density, hence decreasing 
the nonlinear distortions and allowing for increased capacity and reach. Recently, 
IEICE Electronics Express, Vol.* No.*,*-* 
3 
 
single-mode (SM)-MCFs containing more than 30 cores have been fabricated and 
tested in high capacity transmission experiments [5-9] and a few-mode (FM)- MCF 
containing 19 cores has been fabricated [10] with cladding diameters of less than 
250 μm.  However,  because of a limited cladding diameter (CD) constraint of 
about 250 μm to ensure comparable mechanical reliability to that of SMFs [10, 11], 
these number of cores are considered to be about the maximum ones that can be 
accommodated within a circular cladding cross section while keeping sufficient 
low inter-core crosstalk (XT) required for long-haul transmission systems.  
In this paper, we report a conceptual design of non-circular multi-core fibers 
(NC-MCFs) having a non-circular cladding which have potentials of 
accommodating more than 100 cores for super-dense SDM while keeping 
comparable mechanical reliability to that of SMFs. The proposed NC-MCFs also 
have advantages of easier alignment for splicing and production of connectors as 
well as their applicability of forming super-dense ribbon fibers housing several 
hundred cores, which may be applicable for data-center interconnects, access, 
metro as well as long-haul systems. 
2 NC-MCF design model 
2.1 Basic shapes and core layouts 
NC-MCFs have recently been proposed and fabricated [12-14]. Figure 1 illustrates 
three examples of non-circular cross sections investigated in this article, namely, 
“elliptical”, “racetrack oval shaped”, and “sharp-cornered oblong shaped” (also 
referred to as “double D-shaped”) claddings. The sharp-cornered oblong shaped 
MCFs can be formed, for example, by grinding two sides (top and bottom sides) 
of a circular preform while a D-shaped cross section can be formed by grinding 
one side. The number of cores in a NC-MCF depends on the types of cross sections 
as shown in Fig. 1. Assuming the same dimensions of a and b where a is the 
cladding diameter in the major axis and b in the minor axis, the elliptical MCF has 
the smallest area with a minimum numbers of cores, whereas the sharp-cornered 
oblong shaped MCF has the largest area with the highest number of cores. 
 
Figure 2 illustrates three major core arrangements for use in NC-MCFs. In Fig. 
2 (a), a hexagonal close packed structure (HCPS) layout is shown where cores are 
located at the corners of an equilateral triangle with a core pitch  (a distance 
between any two neighboring cores) of 30 m as an example. Figure 2 (b) shows 
a square lattice structure (SLS) where cores are located at the corners of a square 
and in Fig. 2 (c), a half-pitch shifted square lattice structure (HPS-SLS) is shown 
where cores in the two horizontal rows are shifted by half a pitch compared to SLS. 
Fig. 1. Various cross-sections of non-circular MCFs with (a) elliptical (b) 
racetrack oval shaped, and (c) sharp-cornered oblong shaped claddings. The 
dimensions of the major and minor axes are “a” and “b”, respectively.  
(a) (b) (c)
b
a
b
aMajor axis, a
Minor 
axis, b
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In this structure, the horizontal core distance is a (here 30 m) while the distance 
between two vertical cores is b = a √5/2 (here 33.5 m). In HPS-SLS, although 
the number of cores which can be accommodated is almost the same as that of SLS, 
it has a clear advantage of having only two adjacent cores with a core distance 30 
m in this example while the other four adjacent cores are farther with a core 
distance 33.5 m, achieving less total inter-core XT. 
 
2.2  Fiber parameters and XT of NC-MCFs 
Average total XT is investigated for two/three types of trench-assisted 
heterogeneous core arrangements and a trench-assisted homogeneous core 
arrangement with the core parameters listed in Table I and illustrated in Fig. 3. All 
the cores are designed to have Aeff of 80 m2 at 1550 nm with a cutoff wavelength 
of less than 1530 nm after 1 km propagation and a bending loss of < 0.1 dB/100 
turns at a bending radius of 30 mm and at 1625 nm. For the two/three types of 
heterogeneous cores, the effective refractive index difference Δneff is > 0.00055. 
The relative refractive index difference Δt between the trench and the cladding is 
assumed to be -0.7%. The inter-core XT between two cores with a core distance of 
29 m was calculated for 100 km at 1550 nm as listed in Table II. For example, 
XT between the highest (H) index and lowest (L) index cores was found to be -
48.6 dB per 100 km. The inter-core XT between two cores having the same 
refractive index (homogenous core arrangement) was found to be -20.7 dB per 100 
km. In this paper, the correlation length of the MCF was assumed to be 5 m [5, 11].  
Different types of core arrangements are shown in Figs. 4 and 5. 
 
 
 
Fig. 2. Examples of three major core arrangements of NC-MCFs. (a) 
Hexagonal close packed structure (HCPS), (b) square lattice structure (SLS), 
and (c) half-pitch shifted square lattice structure (HPS-SLS).  
(a)
Row 1
Row 2
Row 3
(b)
Row 1
Row 2
Row 3
(c)=30m =30m a=30m
 b=
33
.5
4
m
Table I. Core parameters used in the proposed NC-MCFs. 
Three types of cores  Two types of cores  Homogeneous core 
  Core H Core M Core L   Core a Core b   Core a 
Δ [%] 0.344 0.305 0.250 Δ [%] 0.35 0.31  Δ [%] 0.35 
r1 4.78 4.61 6.01 r1 4.80 4.65  r1 4.80 
r2/r1 1.7 1.7 1.0 r2/r1 1.7 1.7  r2/r1 1.7 
 
Fig. 3. Schematic of core profile. 
r2
W
r1
Δ
Δt
CladCore
Trench
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Figure 6 shows the calculated average total XT at 1550 nm for 100 km NC-
MCFs. The inter-core XT between two cores was calculated based on the coupled 
power theory [11]. Figure 6 (a) shows the XT values for heterogeneous NC-MCFs 
with three types of cores. HCPS has the highest XT as there are six surrounding 
cores with a distance of a. HPS-SLS has the lowest XT as only two cores are 
located at a while the other four cores are at b as explained in Fig. 2 (c).   
Figure 6 (b) shows the XT values for heterogeneous NC-MCFs with two types 
of cores. The total XT for HCPS and SLS is higher than those for three types of 
cores shown in Fig. 6 (a). In HCPS, two same type of cores are located at a distance 
a, which contributed to the highest XT. In SLS, four same types of cores 
contributes to XT more although they are located at a√2 than the opposite index 
cores at a. On the other hand, for HPS-SLS, a single core is surrounded by two 
cores having a different refractive index at a, and the other four cores are at b, 
where two have the same refractive index. Finally, Fig. 6 (c) shows the XT for 
homogeneous cores all having the same index profile.  
It is noted from Fig. 6 that the heterogeneous NC-MCFs with three types of 
cores (HPS-SLS, a =29 m) have the lowest XT of -39 dB/100 km applicable for 
transmission distances up to 10,000 km with QPSK and 2,500 km with 16 QAM 
modulation formats, assuming the XT of -19 dB and -25 dB required for QPSK 
and 16 QAM transmission, respectively, under 0.5 dB penalty [8]. The 
heterogeneous NC-MCFs with two types of cores (HPS-SLS, a =29 m)  on the 
other hand have XT of -27 dB/100 km applicable for transmission distances up to 
600 km and 150 km with QPSK and 16 QAM modulation formats, respectively. 
The homogeneous NC-MCFs (HPS-SLS, a =29 m)  have XT of -17dB/100 km 
applicable for transmission distances up to 60 km and 15 km with QPSK and 16 
Table II. Crosstalk between two cores of the proposed NC-MCFs. 
 Inter-core XT (in dB) per 100 km for core to core distance= 29 m 
3 types cores Between H-M Between M-L Between H-L 
 -42.1 -41.5 -48.6 
2 types cores Between a-b Between a-a Between b-b 
 -45.1 -20.7 -29.3 
1 type cores -20.7 
  
Fig. 4. Three types of core arrangements: (a) SLS, (b) HCPS and (c) HPS-
SLS. 
   
Fig. 5. Two types of core arrangements: (a) SLS, (b) HCPS and (c) HPS-SLS. 
(b)
25
.1
1 
m
29 m
(c)
29
 m
29 m
(a)
29
 m
29 m
L
H
M
High index
Medium Index
Low Index
25
.1
1 
m
29 m
29
 m
29 m
29
 m
29 m
(a) (b) (c)
a
b
Index a
Index b
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QAM modulation formats, and may be used for ultra-high-density interconnects in 
the data centers. 
 
3 Examples of NC-MCFs 
In this section, we present three example of potential NC-MCFs structures. In all 
the examples, three types of cores are used to reduce the inter-core XT where each 
core is surrounded by two other types of cores for long-haul applications. The outer 
cladding thickness is assumed to be 37 m [7]. 
3.1 Elliptical MCFs 
Figure 7 illustrates examples of SM elliptical MCFs with b=248 m, and e =1, 2 
and 2.5 in three colors where e = 1 corresponds to a circular cross section. In Fig. 
7 (a), a HPS-SLS structure is shown where there are two core pitches, a =29 m 
and b = a √5/2 =32.4m as explained in Fig. 2(c). In this case, the number of 
cores which can be housed with a cladding thickness of 37 m is 33, 73, 93 for 
e=1, 2, 2.5, respectively. 
 
 
 
Fig. 6. Average total XT per 100 km of NC-MCFs with HCPS, SLS, and 
HPS-SLS at 1550 nm for (a) heterogeneous core arrangement with three 
types of cores, (b) heterogeneous core arrangement with two types of cores, 
and (c) homogeneous core arrangement.  
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In Fig. 7 (b), a HCPS structure is shown where the vertical distance between two 
rows of cores is 3.88 m less than that of HPS-SLS. Therefore, this structure can 
accommodate more number of cores compared to HPS-SLS. In this case, the 
number of cores which can be housed with a cladding thickness of 37 m is 37, 
81, 101 for e=1, 2, 2.5, respectively. 
3.2 Racetrack oval shaped MCFs 
Figure 8 illustrates examples of racetrack oval cross sectional MCFs with e = 1, 2 
and 2.5. The radius of both circular edges is assumed to be equal to half the 
cladding diameter in the minor axis b, i.e., b/2. In this cross section, more number 
of cores can be accommodated in a given dimension (i.e., a×b) compared to the 
aforementioned elliptical MCFs because part of the outer cladding of this structure 
is straight which reduces the unused spaces in the cladding.  In Fig. 8 (a), racetrack 
oval shaped MCFs with HPS-SLS and b=248 m is shown where there are two 
core pitches, a =29 m and b = a √5/2 =32.4 m as explained above. The 
number of cores which can be housed with a cladding thickness of 37 m is 89, 
119 for e=2, 2.5, respectively. 
 
 
Fig. 8. Various cross-sections of racetrack oval shaped SM-NC-MCFs for (a) 
(a)
248 m
(a)
(b)(b)
225 m
 
 
Fig. 7. Various cross-sections of elliptical SM-NC-MCFs for (a) HPS-SLS 
and (b) HCPS both with b=248 m. 
29 m
(a)
a=29 m
b=32.4 m
248 m
25.1 m
=29 m
=29 m
(b)
248 m
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HPS-SLS with b=248 m and (b) HCPS with b=225 m.  
In Fig. 8 (b), racetrack oval shaped MCFs with HCPS and b=225 m is shown. 
This core arrangement can accommodate nearly the same number of cores within 
a reduced cross-sectional area compared to the HPS-SLS ones because of the 
reduced distance between two neighboring horizontal rows. The number of cores 
which can be housed with a cladding thickness of 37 m is 89, 119 for e=2, 2.5, 
respectively, which is same as Fig. 8 (a). Reduction in cladding diameter results in 
an increase in bending flexibility. For example, for 7 rows of cores, a total of 
3.88×6=23 m can be reduced in cladding diameter while the core count remains 
almost the same. This reduction is depicted in Fig. 8 (b) by keeping the circle of 
Fig. 8 (a) in its original size. 
3.3 Sharp-cornered oblong shaped MCFs 
Figure 9 shows examples of sharp-cornered oblong shaped MCFs with e= 1, 1.5, 
2 and 2.5. The radius of both circular edges is assumed to be equal to half the 
cladding diameter in the major axis a, i.e., a/2. The shape can be formed by 
grinding two sides of a circular preform. Figures 9 (a) and (b) show HPS-SLS and 
HCPS core arrangements, respectively. Again, HCPS can accommodate almost the 
same number of cores within a reduced cross-sectional area compared to HPS-SLS. 
The number of cores which can be housed with a cladding thickness of 37 m is 
65, 99, 129 for e=1.5, 2, 2.5, respectively for both Fig. 9 (a) and (b).  
 
3.4 Maximum number of cores in different NC-MCFs 
Figure 10 summarizes maximum core counts in three types of NC- MCFs proposed 
for SLS and HCPS core arrangements as the core counts for SLS and HPS-SLS 
are almost the same. It is obvious that those for elliptical MCFs is the lowest while 
those for sharp-cornered oblong MCFs the highest. It can be seen that around 100 
cores can be housed in NC-MCFs depending on different parameters. For example, 
as shown in Fig. 10 (c) when b is 248 m with e= 2.5 (a = 620 m), the maximum 
number of cores in elliptical, racetrack oval shaped  and sharp-cornered oblong 
 
 
Fig. 9. Various cross-sections of sharp-cornered oblong shaped SM-NC-
MCFs for (a) HPS-SLS with b=248 m and (b) HCPS with b=225 m.  
(a)
248 m
(a)
(b)(
225 m
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shaped NC-MCFs with HCPS are 101, 119 and 129, respectively. 
 
Fig. 10. Comparison of maximum core counts among three NC-MCFs with 
the same a and b.  
4 Mechanical reliability of NC-MCFs 
In this section, we study the mechanical reliability of NC-MCFs. For circular 
MCFs, the stress on the fiber is considered to be independent of the fiber bending 
direction while the stress on NC-MCFs highly depends on its direction; the stress 
will be lower if the fiber is bent in the minor axis while the stress will be higher if 
the fiber bend in the major axis.  
 
Fig. 11. Bending direction (a) in an elliptical NC-MCF, (b) in a racetrack oval 
shaped NC-MCF. Fibers bend (c) in the minor axis, and (d) in the major axis.  
We investigate the mechanical reliability of NC-MCFs to identify their allowable 
dimensions by using a failure probability formula. The failure probability, F for a 
fiber after proof testing is estimated by the following equation [15], 
 






















2
11exp1
n
m
p
n
p
p t
tLNF 
                 (2) 
a
b

rR
a
b

rR
Be
nd
in
g 
di
re
ct
io
n
Be
nd
in
g 
di
re
ct
io
n
(a) (b)
  
 
0
50
100
150
1 1.5 2 2.5 3
C
or
e 
co
un
ts
Ratio between major and minor axis
Elliptical
Racetrack oval
Sharp cornered oblong
SLS for b = 219 m
(a)
0
50
100
150
1 1.5 2 2.5 3
C
or
e 
co
un
ts
Ratio between major and minor axis
Elliptical
Racetrack oval
Sharp cornered oblong
HCPS for b= 200 m
(b)
0
50
100
150
200
1 1.5 2 2.5 3
C
or
e 
co
un
ts
Ratio between major and minor axis
Elliptical
Racetrack oval
Sharp cornered oblong
SLS for b=248 m
(c)
0
50
100
150
200
1 1.5 2 2.5 3
C
or
e 
co
un
ts
Ratio between major and minor axis
Elliptical
Racetrack oval
Sharp cornered oblong
HCPS for b= 225 m
(d)
IEICE Electronics Express, Vol.* No.*,*-* 
10 
 
where Np is the average number of failures per unit length during proofing, L is the 
effective fiber length, m is the Weibull distribution parameter, n is the crack growth 
parameter (stress corrosion parameter), tp is the proof time, t is the life time of the 
fiber, p is the proof level, and  is the maximum bending stress. In the calculation, 
we set Np, n, tp, t, p to be 10-4/m, 20, 1 sec., 20 years and 1% or 2%. 
We assume the fiber bend in the direction indicated by r as shown in Fig. 11 (a) 
and (b). The bending radius is Rb, e = a / b is the ratio of the cladding diameter in 
the major axis to that in the minor axis, E is the Young's modulus, and  is the 
angle between the minor axis and the direction of bending. The axial stress  is 
approximated by the following equation [16, 17] 
r
R
Er
b
)(  .              (3) 
Figures 12 and 13 show the calculated failure probability as a function of cross-
sectional area of elliptical MCFs with bending radii of 30 mm and 60 mm, 
respectively for the conditions of (a) 1% proof level, e=2, (b) 1% proof level, e=2.5, 
(c) 2% proof level, e=2, and (d) 2% proof level, e=2.5. The black solid curves in 
Figs. 12 and 13 correspond to circular MCFs with bending radii of 30 mm and 60 
mm, respectively and the horizontal dotted line indicates a guideline failure 
probability of 3.2 x 10-6 when standard single mode fibers with a 125 m cladding 
diameter are bent. It can be seen that if the bending angle is within 30 °, elliptical 
MCFs can have larger cross sectional areas than circular MCFs, enabling higher 
core counts. Two shaded areas in the figures (79.5×10-9 m2 - 96.6×10-9 m2 and 
99.4×10-9 m2 - 120.8×10-9 m2) correspond to cross-sectional areas which can house 
around 70-85 cores and 90-105 cores in the case of SM-MCFs. It is seen that in 
order to accommodate more than 70 cores, ≈ 0 degree (bent in  the direction of 
minor axis) should be necessary for 2% proof level, Rb= 30 mm and 1% proof level, 
Rb= 60 mm while for 2% proof level, Rb= 60 mm, is relaxed to ≤ 30 °. 
 
 
Fig. 12. Failure probability for elliptical MCFs with Rb= 30 mm. 
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Fig. 13. Failure probability for elliptical MCFs with Rb= 60 mm. 
Figures 14 and 15 show the calculated failure probability as a function of cross-
sectional area of racetrack-oval shaped MCFs with 30mm and 60 mm bending radii, 
respectively for the conditions of (a) 1% proof level, e=2, (b) 1% proof level, e=2.5, 
(c) 2% proof level, e=2, and (d) 2% proof level, e=2.5. As in Figs. 12 and 13, the 
black solid curves in Figs. 14 and 15 correspond to circular MCFs with bending 
radii of 30 mm and 60 mm, respectively and the horizontal dotted line indicates a 
guideline failure probability of 3.2 x 10-6. 
 
 
Fig. 14. Failure probability for racetrack oval shaped MCFs with Rb= 30 mm. 
It can be seen that if the bending angle is within 45 °, racetrack-oval shaped 
MCFs can have larger cross sectional areas than circular MCFs, enabling higher 
core counts. Two shaded areas in the figures (90.4×10-9 m2 - 109.8×10-9 m2 and 
115.7×10-9 m2 to 140.6×10-9 m2) correspond to cross-sectional areas which can 
house around 80-95 cores and 110-125 cores in the case of SM-MCFs. It is seen 
that in order to accommodate more than 80 cores, ≤ 30 ° should be necessary for 
2% proof level, Rb= 30 mm, e=2.5 and 1% proof level, Rb= 60 mm, e=2.5 while 
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for 2% proof level, Rb= 60 mm, is relaxed to ≤ 45° as shown in Figs. 6 and 7. It 
should be noted that for 2% proof level, Rb= 60 mm, e≥2, more than 100 cores can 
be accommodated with ≤ 30 °, and for 2% proof level, Rb= 60 mm, e=2.5, is 
relaxed to ≤ 45 ° as shown in Fig. 7 (d).  
For sharp-cornered oblong shaped SM-NC-MCFs, it is expected that they have 
lower failure probabilities for the same cross sectional area than racetrack-oval 
shaped MCFs do (Figs. 14 and 15) since sharp-cornered oblong shaped SM-NC-
MCFs have larger cross sectional areas than racetrack-oval shaped ones for the 
same e=a/b.  
 
 
Fig. 15. Failure probability for racetrack oval shaped MCFs with Rb= 60 mm. 
We assume the fiber will in general bend in the direction of minor axis [12] 
although in practice,  might not be zero. Based on the results above, it is obvious 
that elliptical cross-sectional MCFs may not be a good choice for achieving ultra 
large core count fiber as it limits the angle most strictly. On the other hand, race-
track oval shapes will be promising as it allows  up to 45 degrees, and we assume 
there will be many potential applications where it will be possible to maintain this 
bending restrictions. 
5 Conclusion 
We propose NC-MCFs with elliptical, racetrack oval shaped, and sharp-cornered 
oblong shaped cladding cross sections for super-dense space-division multiplexing. 
The new MCFs are expected to accommodate more than 100 cores per fiber while 
keeping the machanical reliability comparable to that of SMFs.  
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